Citrobacter rodentium (C. rodentium) infection is a widely used murine model to mimic human enteric bacteria infection and inflammatory bowel disease (IBD). In this model, interleukin (IL)-17A plays critical roles in increasing chemokine and cytokine production in various tissues to recruit innate cells, including monocytes and neutrophils, to the local site of infection. However, the source of IL-17A remains unclear, as the majority of cell types produce IL-17A, including intestinal endothelium cells, innate immune cells and CD4 + T cells in disease development. In the current study, wild-type B6 mice were treated with C. rodentium and the CD4 + Th17 cell subset was observed as being specifically increased in Peyer's patches (PP), but not in mesenteric draining lymph nodes. Furthermore, the research suggested that the differentiation and activation of Th17 cells in PP were dependent on the inflammatory cytokine IL-6, as blocking IL-6 signaling with neutralizing antibodies decreased Th17 cells and resulted in the mice being more susceptible to C. rodentium infection. These results confirmed that the Th17 cell subset was specifically activated in PP and demonstrated that IL-6 is required in Th17 cell activation, which are important to the clinical treatment of IBD.
Introduction
Citrobacter rodentium (C. rodentium) is a predominantly mucosal enteric murine pathogen used in murine models of enteropathogenic Escherichia coli (E. Coli) and enterohemorrhagic E. coli infection in humans (1) (2) (3) . C. rodentium infection in the colon surface results in epithelial hyperplasia and mucosal inflammation (4) and its colonization of the colon reaches its peak 7-10 days post inoculation (DPI) (5), followed by weight loss and diarrhea in association with crypt hyperplasia in mice and returns to normal by [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . It is also well established that C. rodentium infection induces significant mucosal infiltration of lymphocytes, macrophages, neutrophils and mast cells in the colon (7) , goblet cell loss (2) and local and systemic inflammatory cytokines disorders (8, 9) .
Although innate cells that express Toll-like receptors, including CD11b + myeloid cells, are known to play a major role in host defense against C. rodentium infection (9) (10) (11) , adaptive immune cells are also involved in the eradication of C. rodentium infection (12) . The roles of B and T cells with regard to protection against C. rodentium infection has been previously characterized (13, 14) . In the mice lacking antibodies production showed a higher susceptibility to C. rodentium infection compared with the wild-type mice. It is commonly accepted that T cells promote innate immune responses mostly by providing pro-inflammatory cytokines, however, in a previous study, T cells were observed to be involved in B cell dependent C. rodentium antigen specific antibody production and interacted with B cells directly (15) . Pro-inflammatory cytokines, including interleukin (IL)-17A, IL-21 and IL-17A-induced IL-22 were shown to be crucial for the host defense against extracellular bacteria (16) and these cytokines were primarily secreted by Th17 subsets (17) . In addition, it was previously shown that segmented filamentous bacteria (SFB), another microorganism that colonizes in the intestines, was sufficient to induce functional Th17 cells in the lamina propria (18) . However in the model of C. rodentium infection, it was reported that IL-17A in this model was produced by innate cell subsets, including innate lymphoid tissue inducer cells (LTi cells), which was different from intestinal Th17 cells. Whether C. rodentium infection in mice increases CD4 + Th17 cell subset in the intestinal tissue remains unclear.
To identify the functions of C. rodentium infection in Th17 subset differentiation in the small intestine, C. rodentium was inoculated into 5-week-old wild-type B6 mice and the percentage of Th17 cell subsets in various tissues was observed. The results suggested that Th17 subset expression specifically increased in Peyer's patches (PP) but did not alter in mesenteric draining lymph nodes. The mechanistic studies suggested that the inflammatory cytokine IL-6 was required in Th17 cell differentiation in PP as treatment with anti-IL-6 neutralizing antibodies reduced the Th17 subset percentage and aggravated the clinical manifestation of colitis. Furthermore, these intestinal Th17 cells were functional in innate responses to C. rodentium infection by inducing IL-22 production but not in promoting immunoglobulin A (IgA) production in the small intestine.
Materials and methods
Reagents and mice. C. rodentium strain DBS100 (catalog no. 51459) American Type Culture Collection (Manassas, VA, USA) was cultured in LB medium for 6 h at 37˚C with agitation. Following 6 h, the bacterial density was assessed using absorbance at an optical density of 600 nm and confirmed by the plating of serial dilutions.
Five-week-old mice were orally inoculated with 1x10 9 colony forming units (cfu) of C. rodentium using a gavage needle. The body weights and the bacterial concentrations in the feces were assessed for 3 weeks subsequent to inoculation. PP and small intestine tissues were collected for quantitative polymerase chain reaction (PCR) and FACS analysis.
Bacterial quantification. Fresh fecal pellets were collected from the mice and dissolved in phosphate-buffered saline (PBS) at a concentration of 100 mg/ml. The bacterial colonies were quantified 24 h following the start of the culture.
Serum samples. Whole blood was collected from mice infected with C. rodentium. Serum samples were obtained by centrifugation at 16,000 x g for 10 min and stored at -20˚C until use in subsequent experiments. Serum total IgA was detected using a mouse total IgA ELISA kit (Tiangen, Beijing, China).
Intracellular cytokine staining.
The intracellular expression of IL-17-producing T cells was analyzed using a Cytofix/Cytoperm kit Plus (with GolgiStop; BD Biosciences, San Jose, CA, USA), according to the manufacturer's instructions. In brief, lymphocytes obtained from spleens, MLNs or PP were incubated with 50 ng/ml PMA, 5 µM calcium ionophore A23187 (both from Sigma-Aldrich, St. Louis, MO, USA) and GolgiStop at 37˚C for 4 h. Surface staining was performed with anti-CD4-PerCP/Cy5.5 (BioLegend, San Diego, CA, USA) for 20 min at 4˚C, the cells were permeabilized with Cytofix/Cytoperm solution for 20 min at 4˚C and intracellular cytokine staining was performed with anti-IL-17A-Alexa Fluor 647 (BD Biosciences).
Flow cytometry. The Abs used for flow cytometry included anti-CD4-PerCP/Cy5.5, anti-TCRb-FITC (BioLegend) and anti-IL-17A-PE (eBioscience, San Diego, CA, USA), according to the manufacturer's instructions. Data were obtained using a FACS LSR II (BD Biosciences) and analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA).
Quantitative PCR. Total RNA was extracted with TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Reverse transcription was performed with a High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Tokyo, Japan) according to the manufacturer's instructions. Quantitative PCR was performed with SYBR-Green PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions. The reaction conditions consisted of 40 cycles of two-stage PCR consisting of denaturation at 95˚C for 15 sec and annealing at 60˚C for 1 min following an initial denaturation step of 95˚C for 10 min. The primer sequences used were: mouse interferon-γ (IFN-γ), forward: 5'-TCAAGTGG CATAGATGTGGAAGAA-3' and reverse: 5'-TGGCTCTGC AGGATTTTCATG-3'; IL-17A, forward: 5'-ATCAGGACGC GCAAACATG-3' and reverse: 5'-TGATCGCTGCTGCC TTCAC-3'; and mouse β-actin, forward: 5'-AGAGGGAAA TCGTGCGTGAC-3' and reverse: 5'-CAATAGTGATGAC CTGGCCGT-3'. To allow comparisons of mRNA expression levels, the real-time PCR data were analyzed with the ΔΔCt method and normalized to the amount of β-actin cDNA as an endogenous control.
Fecal IgA. Fresh fecal pellets were collected from the mice and dissolved in PBS at a concentration of 100 mg/ml. Fecal IgA was examined with a mouse IgA-detecting kit (Tiangen).
Statistical analysis. Data are expressed as mean ± SE and statistical significance was analyzed using the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

C. rodentium infection induces inflammatory bowel disease (IBD) in mice. C. rodentium infection induced IBD in mice is a commonly used animal model to study innate cell responses and inflammatory signaling in intestinal inflammation in vivo.
To examine the importance of T cells in IBD caused by C. rodentium, wild-type female B6 mice of various ages were infected with C. rodentium at 4x10 9 cfu/mouse. A survival curve, body weight loss and clinical manifestation of colitis were monitored during a course of 3 weeks following infection and young mice (3 weeks) were observed to be highly susceptible to C. rodentium infection as they cannot survive colitis infection (Fig. 1) . C. rodentium was capable of inducing IBD in the mice between 5 and 8 weeks old, however, the older mice (8 weeks) exhibited less susceptibility compared with the 5-week-old mice (Fig. 2) , as they lost significantly less body weight (Fig. 3) .
Considering that innate immune cells were immature in newborn mice and the newborn mice did not have sufficient amounts of IgA antibody secretion on the surface of the intestine, which was significant in the host against microbe infection (14) , female mice of 5 weeks age were selected for the present study. The body weight continued to decrease in the first 10 days following C. rodentium infection and visible colonic inflammation, including diarrhea and loss of appetite was observed. Loss of appetite was observed in the first 1 week following C. rodentium infection. Bacterial counts in fecal pellets showed that the amount of C. rodentium reached the peak at day 7 and returned to normal 2 weeks following infection (Fig. 4) . However, there was no significant difference observed between the male and female groups (data not shown).
C. rodentium infection increased the Th17 subset specifically in PP.
The pro-inflammatory cytokine IL-17A is critical for host response to the invasion of the immune system by extracellular pathogens (19, 21) by increasing chemokine production in various tissues to recruit innate cells, including monocytes and neutrophils to the site of local infection. In the model of C. rodentium infection, it was reported that C. rodentium-induced colitis triggers strong IL-17A secretion in the small intestine in mice (17) . Recent studies suggested that IL-17A was primarily secreted by LTi cells and 'innate' Th17 cells (16, 20) . However, whether C. rodentium infection was capable of increasing the classic Th17 subset in vivo remains unclear.
To confirm intestinal Th17 differentiation in colitis, 5-week-old female B6 wild-type mice were infected with C. rodentium (4x10 9 cfu/mouse) or inactivated C. rodentium as the control group. Mice were sacrificed 7 days following infection and Th17 cells group were examined using intercellular staining of the cytokine IL-17A. IL-17A producing CD4 + T cells group were observed to increase in PP, but no significant change in mesenteric draining lymph nodes was observed. Notably, the IL-17-producing non-T cell-group (TCRb-CD4 -) also increased in PP and did not change in the m-LN group (Fig. 5) and these innate cells produced increased IL-17A compared with CD4 + Th17 cells, which was consistent with a previous report (16) . However, the innate cells cannot protect the host from C. rodentium infection, as it was observed that these mice lack T cells and with functional innate cells, including Rag1 deficient mice, exhibited a higher susceptibility to IBD compared with the wild-type mice. In addition, the mice with colitis also exhibited increased PP and shorter length of the small intestine when compared with the control group (data not shown). to enteric microbial infection. C. rodentium-infected female B6 wild-type mice were treated with anti-IL-6 neutralizing antibodies or control IgG to block IL-6 signaling 0 and 3 days following infection. These mice were sacrificed 7 days following infection and cells from PP were collected for intercellular cytokine analysis. The results suggest that treatment with anti-IL-6 neutralizing antibodies was capable of decreasing IL-17A-producing CD4 + T cells in PP (Fig. 6) . However, the percentage of Th17 cells in PP remained higher than that in mice treated with inactivated C. rodentium. Similarly, anti-IL-6 neutralizing antibody-treated mice exhibited more severe clinical symptoms compared with the control IgG-treated group. However, results of the statistical analysis of clinical scores and length of the small intestine revealed no significant difference (data not shown).
IL-6 is required in intestinal
IL-17A production in non-T cells was investigated in this model and no significant difference was observed between anti-IL-6 neutralizing treatment and the control group, which suggesting that IL-6 was not required in the activation of IL-17A-producing innate cells.
Intestinal Th17 cells promotes IL-22 and
IgA production in the host defense against C. rodentium infection. IL-22 is a multi-functional cytokine with diverse biological activities, including tissue repair and pathogen defense in the model of IBD in mice. In addition, it was previously reported that IgA production by B cells was dependent on T-helper cells (15) . To determine whether these increasing intestinal Th17 cells were involved in colitis, mRNA expression levels of IL-22 were examined in the small intestine tissue and IgA in the feces in anti-IL-6 neutralizing antibodies or IgG control-treated mice 7 days following C. rodentium infection. Results suggest that anti-IL-6 neutralizing antibody-treated mice exhibited a lower level of IL-22 expression in the small intestine (Fig. 7) , however, the IL-22 protein was not detected in the small intestine tissue lysis and intestinal lavage fluid (data not shown). There was no significant difference in IgA levels in feces between anti-IL-6 neutralizing antibody-treated mice and the control group (Fig. 8) , suggesting that intestinal Th17 cells was involved in the defense against C. rodentium infection by promoting IL-22 expression in the small intestine.
Discussion
A Th17 cell subset was identified in multiple auto-immune disease models in mice and humans, however, the differentiation and activation of these cells remains unclear. It was reported that the Th17 subset in intestinal lamina propria was dependent on commensal microbes with specialized properties since, in germ-free (GC) mice, Th17 cells failed to develop (15, 22) . In addition, in the study of SFB mono-colonized mice, SFB was shown to sufficiently direct the accumulation of Th17 cells in the intestinal lamina propria by unknown mechanisms.
C. rodentium is a predominantly mucosal enteric murine pathogen that is widely used in murine models of intestinal colitis. These models are primarily mediated by pro-inflammatory cytokine IL-17A. It is commonly accepted that LTi-associated innate cells and γΔT cells are the major sources in C. rodentium-infected Rag1-deficient mice (23, 24) , however, Th17 cells and their roles in C. rodentium-infected wild-type mice may be different from Rag1-deficient mice. Elucidating the sources of IL-17A and the differentiation and activation of Th17 cells in intestine is essential for understanding the etiology of IBD.
In the current study, IL-17A-producing Th17 cell subsets in C. rodentium infection-induced colitis model were investigated and the Th17 cell subset was observed to increase specifically in PP. Although IL-17A are produced by a number of types of cells, including intestinal endothelium cells and CD4 + lymphoid tissue inducer cells, Th17 cells were hypothesized to play a major role in IBD as decreasing Th17 percentage in PP led to high susceptibility to C. rodentium infection in mice. Notably, the innate cells secreted increased IL-17A compared with Th17 cells in this model, but were unable to protect the host from the disease.
The inflammatory cytokine IL-6 is required in Th17 cell differentiation and activation in vitro and a large amount of IL-6 secretion may be detected in intestinal tissues. Therefore, IL-6 was hypothesized to be required in C. rodentium infection-induced colitis model. In the current model, treatment with anti-IL-6 neutralizing antibodies in C. rodentium-infected mice were efficient to decrease the Th17 subset in PP and aggravate the symptoms of the disease. Furthermore, the Th17 cells were considered to have a physical function in inducing IL-22 secretion in intestinal tissue according to the quantitative PCR data, however, IL-22 protein was not observed in the intestinal surface and feces. The results also suggested that Th17 cells had no effect on IgA production by B cells, although it was recently reported that Th17 cells in PP was responsible for the induction of T cell-dependent IgA (25) .
